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ABSTRACT

The sounding rocket Chromospheric Lyman-Alpha SpectroPolarimeter (CLASP) was launched on September
3rd, 2015, and successfully detected (with a polarization accuracy of 0.1 %) the linear polarization signals
(Stokes Q and U) that scattering processes were predicted to produce in the hydrogen Lyman-alpha line (Lyα;
121.567 nm). Via the Hanle effect, this unique data set may provide novel information about the magnetic
structure and energetics in the upper solar chromosphere. The CLASP instrument was safely recovered without
any damage and we have recently proposed to dedicate its second flight to observe the four Stokes profiles in
the spectral region of the Mg II h and k lines around 280 nm; in these lines the polarization signals result from
scattering processes and the Hanle and Zeeman effects. Here we describe the modifications needed to develop
this new instrument called the “Chromospheric LAyer SpectroPolarimeter” (CLASP2).

Keywords: UV spectropolarimetry, Chromospheric magnetic field, Hanle effect, Zeeman effect, CLASP project,
sounding rocket experiment

1. INTRODUCTION

Recent observational advances enabled by the Hinode/Solar Optical Telescope (SOT) and the Interface Region
Imaging Spectrometer (IRIS) have revolutionized our view of the highly dynamic upper solar chromosphere and
the critical role this interface region between the photosphere and corona plays in the mass and energy balance of
the outer solar atmosphere. A major remaining challenge for heliophysics is to decipher the magnetic structure
of the solar chromosphere. The importance of measuring the chromospheric magnetic field is due to both the
key role the chromosphere plays in energizing and structuring the outer solar atmosphere and the inability of
extrapolation of photospheric fields to adequately describe this boundary region, which is key to understanding
what drives instabilities in the solar atmosphere (e.g., flares and coronal mass ejections). Progress toward these
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Figure 1. The Stokes I profiles (left panel; units: 1017× Number of Photons cm−2 s−1sr−1nm−1), and the Q/I scattering
polarization pattern (right panel) of the Mg ii h & k lines calculated in a semi-empirical model of the quiet solar atmosphere
for a close to the limb line of sight (µ = cosθ = 0.1, with θ the heliocentric angle). The positive reference direction for
Stokes Q is the parallel to the nearest limb.

goals requires 1) identifying observables sensitive to the magnetic fields of the upper chromosphere and transition
region, 2) developing diagnostic tools to infer the magnetic fields from the observables, and 3) designing and
building the instrumentation needed to measure the observables. Over the last few years, significant progress
has been made in the first two tasks providing the required theoretical background for new instrumentation.

Most of the magnetically sensitive spectral line radiation emitted in the transition region is in the ultraviolet
spectrum, necessitating observations above the absorbing terrestrial atmosphere to measure their Stokes I, Q,
U and V profiles (of which Q, U and V encode the magnetic field information). In September 2015, the
Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP) will be launched from White Sands Missile Range.
CLASP will achieve the first measurement of the linear polarization produced by scattering processes in a far
UV resonance line (hydrogen Lyman-α) and the first exploration of the magnetic field in quiet regions of the
chromosphere-corona transition region. Lyman-α, however, is only one of the magnetically sensitive spectral lines
in the UV spectrum; the magnetically sensitive Mg ii k spectral line near 280 nm, whose core forms only about
100 km below the Lyman-α core, is probably an even more compelling target.1 This is because, in addition to
being sensitive to the Hanle effect, the Mg ii k line is predicted to show measurable circular Zeeman polarization
signals for field strengths as low as 50 G. Studying this line is particularly timely since its intensity spectrum has
been extensively studied over the past few years with high-resolution IRIS observations and advanced numerical
models.

We propose the Chromospheric LAyer Spectro-Polarimeter 2 (CLASP2). We will refit the existing CLASP
instrument for observing the wavelength variation of the four Stokes parameters in the 280 nm range, due to the
anisotropic radiation pumping and the Hanle and Zeeman effects. Both CLASP1 and 2 serve as pathfinders for
potential satellite missions to measure the magnetic field in the upper chromosphere and transition region of our
nearest star.

2. METHODOLOGY OF EXPLORATION OF MAGNETIC FIELDS IN THE UPPER
CHROMOSPHERE AND THE TRANSITION REGION

2.1 The Hanle and Zeeman Effect in Mg ii h & k for Probing the Magnetism of the
Upper Chromosphere

The hydrogen Lyman-α line at 121.6 nm and the Mg ii k line at 279.5 nm are of great scientific interest because
their line-center signals are formed in the chromosphere and transition region and because their polarization
signals have an interesting magnetic sensitivity.1–5 Each of these spectral lines is sensitive to the Hanle effect,
which is the magnetic field-induced modification of the linear polarization produced in a spectral line by the
absorption and scattering of anisotropic radiation.6 While the Hanle effect in Lyman-α is sensitive to magnetic
fields with strengths 10≲B≲ 100 gauss, the Hanle effect in the Mg ii k line can be exploited to detect even
weaker fields (with 5≲B≲ 50 gauss). In addition, while the contribution of the Zeeman effect to the circular
(Stokes V ) and linear polarizations of the Lyman-α line is predicted to be insignificant, it is expected to be
measurable in the Mg ii h and k lines.



Figure 2. Left panel: illustration of the Hanle effect at the center of the Mg ii k line for a LOS with µ = 0.1. It results
from radiative transfer calculations in a semi-empirical model of the quiet solar atmosphere, assuming that it is permeated
by a random-azimuth magnetic field with the indicated inclination with respect to the solar local vertical. Right panel:
theoretical V/I profiles due to a 50 G longitudinal field. In addition to the k line at 279.55 nm and the h line at 280.27 nm,
we show also the circular polarization signal in the (blended) subordinate line of Mg ii whose lower level is the upper level
of the k resonance line (i.e., the line labelled “a”).

The Chromospheric Lyman-α Spectro-Polarimeter (CLASP) has been designed to measure the Stokes I, Q
and U profiles of the hydrogen Lyman-α line in quiet regions of the solar disk. With only two observables sensitive
to the magnetic field (Q/I and U/I) it is not possible to determine the three components of the magnetic field
vector. For this reason, the CLASP1 observations will be complemented with other ground-based and space
observations with the aim of constraining the azimuth of the magnetic field in the observed region.7 Measuring
in addition the Stokes V signal would determine the magnetic field vector directly from the spectropolarimetric
observations. For this reason, the second flight of CLASP aims at measuring the Stokes V signals in the spectral
region of the Mg ii h & k resonance lines, in addition to their Stokes I, Q and U profiles.

The left and right panels of Figure 1 show the Stokes I and Q/I patterns of the Mg ii h and k lines
resulting from detailed radiative transfer calculations in a semi-empirical model of the quiet solar atmosphere.
These calculations account for the important effects due to partial frequency redistribution (PRD) and quantum
interference between the upper J-levels of the h and k lines and include the interaction between the line scattering
processes and those responsible of the polarization of the Sun’s continuous radiation. In the line wings the Q/I
polarization amplitudes are of the order of a few percent (see Ref. 1). At the center of the k line the Q/I signal
is of the order of 1%, while Q/I = 0 at the very center of the (intrinsically unpolarizable) h line. The Hanle
effect operates at the center of the k line, and by measuring simultaneously the scattering polarization pattern
across the Mg ii h & k lines we will have automatically a way to fix the zero offset of the polarization scale.

Left panel of Figure 2 shows the sensitivity to the Hanle effect of the scattering polarization at the center of
the Mg ii k line, calculated for a close to the limb LOS in a semi-empirical model of the quiet solar atmosphere
for various inclinations of the imposed random-azimuth magnetic field. The impact of the Zeeman effect on the
circular polarization (Stokes V ) of the Mg ii lines is illustrated in the right panel of Figure 2. Interestingly, for
a longitudinal field of 50 G the Zeeman effect produces V/I signals of about 0.5% in the Mg ii resonance lines,
as well as in the subordinate line “a” located between the h & k lines.

In conclusion, with the second flight of CLASP we aim at measuring the wavelength variation of the four Stokes
parameters in the spectral region between 279.4 nm and 280.4 nm, where we have several Mg ii lines sensitive to
the physical conditions of the solar chromosphere through a diagnostically important range of heights, including
the upper chromosphere just below the enigmatic transition region.



2.2 Scientific Requirements

Observing the scattering polarization across the Mg ii h & k lines and detecting the Hanle effect at the core of
the k line are the primary goals for the second flight of CLASP. The second objective is to detect the circular
polarization caused by the Zeeman effect in the Mg ii h & k lines. By interpreting the observed linear (Q/I
and U/I) and circular (V/I) polarization profiles, information on the vector magnetic field can then be inferred.
While the simple weak field approximation can be applied to the Zeeman V/I signals to obtain estimations of
the longitudinal component of the magnetic field, the interpretation of the Q/I and U/I line-core signals requires
detailed radiative transfer modeling of the observed polarization. We will do this by applying recently-developed
radiative transfer tools8,9 and the increasingly realistic 3D solar atmospheric models developed by the Oslo group.
In this section, we discuss the scientific requirements of the proposed instrument to achieve the above-mentioned
measurements, summarized in Table 1.

Table 1. Summary of Scientific Requirements

Observable Requirement

Target On-disk, away from disk center

(Quiet Sun and other structures)

Polarization Sensitivity 0.1% (line core of Mg ii h and k)

Spectroscopic Resolution 0.025 nm

Spectral Window 279.4− 280.4 nm

Spatial Resolution 2−3′′

Temporal Resolution < 5 minutes

2.2.1 Target Selection

The theoretical predictions suggest that the most appropriate targets are on-disk regions located away from
the solar disk center, in order to maximize the chances of detecting the linear polarization due to scattering
processes, along with its modification by the Hanle effect. Similar to the first flight, we aim at probing the quiet
Sun magnetism in the upper chromosphere, which has barely been investigated before. However, the CLASP2
measurements will be the first measurements of Stokes I, Q, U and V , allowing full vector magnetometry in the
upper chromosphere for the first time. To this end, we will put the 400 arcsec long slit oriented perpendicular to
the limb and with one of its extremes located at 20 arcsec off the limb. This will allow us to measure the center-
to-limb (CLV) variation of the Stokes profiles, an information suitable to constrain the temperature stratification
of the observed atmospheric region.5 In addition, the slit will ideally cross plage regions if they are available,
since we expect field strengths of > 50G to occur in plage. It is also important to address the question of how
mixed the polarities are within plage (which has an impact on jet formation10).

2.2.2 Polarization Sensitivity

The measurement sensitivity requirements are based on reported estimates of the field strength in some chro-
mospheric structures, as well as on theoretical estimates. In quiet Sun spicules, magnetic fields as strong as
∼ 50G have been detected.11 Concerning the theoretical results on the Hanle effect presented in the left panel of
Figure 2, spectropolarimetric measurements with a sensitivity of 0.1% will be necessary. With this polarization
sensitivity and a spectral resolution of 0.025 nm (Section 2.2.3) we should be able to detect longitudinal magnetic
fields as low as 50 G via the Zeeman effect. Hence, we require 0.1% polarimetric sensitivity at the line core of
the Mg ii h and k lines.

2.2.3 Spectroscopic Resolution

We have considered the impact of the spectral resolution on the polarization signatures by convolving the
calculated Stokes profiles with gaussian functions of different widths. In order to detect the line-core Q/I and
U/I signals without a significant deterioration and to detect the antisymmetric V/I signals, a spectral resolution
of at least 0.025 nm is required (Figure 3). This wavelength resolution can be achieved without a significant
modification of CLASP1 instrument.



Figure 3. Left: Theoretical estimate of the Q/I signals in Mg ii k (for a on-disk observation close to the limb) produced
by scattering processes in the solar transition region. Right: The wavelength variation of V/I around the Mg ii k line,
taking into account the Zeeman effect of a longitudinal magnetic field of 50 G. The solid lines correspond to the pure
theoretical solution without any spectral smearing. Dashed curves include the effect of spectral smearing by convolving
with a Gaussian of FWHM of 0.018 nm (PSF estimated from CLASP1 performance, see Section ??). The asterisks
consider a spectral sampling of 0.011 nm/pix (Figure 5), resulting in an effective wavelength resolution of 0.022 nm
(Nyquist limited).
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Figure 4. Images of the quiet Sun disk separated by a 5 minutes interval taken with IRIS at the core of the Mg ii h & k
lines.

2.2.4 Spectral Window

The Mg ii lines we are interested in are the h and k resonance lines as well as the subordinate line “a” located
between them (see right panel of Figure 2). Thus, we require a wavelength window of 279.4−280.4 nm. Measuring
the Stokes profiles of all these lines simultaneously will give us precious information on an important range of
heights in the solar chromosphere.

2.2.5 Spatial and Temporal Resolution

Clearly, the upper chromosphere is a very dynamic region with rapid variations of density and temperature on
small scales and physical conditions that vary between adjacent field lines. However, the rapid changes in the
thermodynamics are not necessarily associated by equally large fluctuations in the magnetic field. The magnetic
structure in the upper chromosphere is very likely relatively simple, being almost force-free.12 Here we use the
typical length scales and lifetimes of structures as a proxy for the required resolution.

Mg ii h and k line core images of the quiet Sun (see Figure 4) reveal the existence of thin threads with
thicknesses of 2−3′′ and lengths of 10′′− 20′′. Additionally, we have found that the change in intensity in the
threads is very little over a 5-minute window.



3. TECHNICAL APPROACH

3.1 Instrument Design

CLASP2 is a spectropolarimeter optimized for observing the Mg ii line around 280 nm without significant mod-
ification of CLASP1 optical design.13 The instrument is composed of a Cassegrain telescope, a rotating wave
plate, a dual-beam spectrograph assembly with a grating working as a beam splitter, an identical pair of reflective
polarization analyzers each equipped with a CCD camera, and a slitjaw imaging system. The overall layout and
baseline design parameters are shown in Figure 5.

3.1.1 Structural Design

The mechanical structure from the first flight of CLASP (Figure 5) is mostly reused for CLASP2. The telescope
and spectrograph are assembled as separate structures, allowing each section to be optically aligned independently
before integration and end-to-end system alignment. Each section is cantilevered from the main interface plate
which attaches to the rocket skin.

3.1.2 Telescope

After the successful flight of CLASP1, the primary mirror will be recoated for best reflectance at 280 nm. The
telescope design defines the aperture by an aperture stop at the telescope entrance, sized to prevent sunlight from
illuminating the telescope structures surrounding the primary mirror. The primary mirror uses a “cold mirror”
coating, i.e. a narrowband multilayer coating that reflects the target wavelength but is transparent to visible
light. As shown in Figure 5 schematic, this allows most of the visible light to pass through the primary mirror
and onto the heat absorber, which is thermally isolated from the telescope and spectrograph. With the CLASP1
instrument, we confirmed that this reduced the heat load on subsequent optical components and minimized the
visible light in the spectrograph and slit-jaw system (Section 3.3). Our baseline is dual-bandpass cold mirror
coating of Mg ii h & k lines for the spectropolarimeter and Lyman-α line for the slitjaw system (Section 3.1.5).
Such dual-band cold mirror coating has been used on the MSFC Solar Ultraviolet Magnetograph Instrument
(SUMI) sounding rocket experiment14 and IRIS.15 The expected coating performance is shown in Figure 6.

3.1.3 Polarimeter System

The polarimeter system consists of a rotating wave plate and two reflective polarization analyzers (Figure 5). The
rotating waveplate (Section 3.1.3) allows measurement of Stokes Q, U , and V with fixed polarization analyzers.
The optical components between the waveplate and polarization analyzers are oriented to minimize polarization
errors and crosstalk: the ruling of the diffraction grating is parallel to the polarization axes of the polarizers,
and the camera mirrors are tilted around the same axis. These configurations were adopted for CLASP1, and
it was verified that they ensure minimum polarization crosstalk by an end-to-end polarization calibration of the
spectropolarimeter system.16

The design and performance of the polarimeter system are strongly dependent on the optical properties of
materials and coatings at the wavelengths of Mg ii h & k. Therefore a comprehensive testing program using the
Ultraviolet Synchrotron Orbital Radiation Facility (UVSOR) at the Institute for Molecular Sciences, an affiliated
institute of the National Astronomical Observatory of Japan (NAOJ), has been initiated to make measurements
on optical material samples, and flight components. This performance characterization validation and testing
program has been a continuous effort since the beginning of the CLASP1 development program (e.g., Ref. 17).

MgF2 Waveplate The waveplate is a compound zero-order waveplate consisting of two stacked MgF2 plates
with slightly different thicknesses and their principal axes rotated by 90◦ from each other. Using the birefringence
in Ref. 18, the phase retardation of the CLASP2 flight waveplate is designed to be 127◦ to equally measure Q, U ,
and V . It will be provided by the same vender who fabricated the CLASP1 flight waveplate, and tested before
integration at UVSOR. The sophisticated procedure to measure the phase retardation was established as a result
of our effort to precisely measure the birefringence of MgF2 around the Lyman-α line19 and directly applicable
to the new wavelengths of interest.

We reuse the waveplate rotation mechanism which is a hollow DC brushless motor developed by Mitsubishi
Precision Co, Ltd. and is designed specifically for the continuous rotation. We confirmed that the rotation speed
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Figure 5. CLASP1 instrument that will be reused for CLASP2 (top), CLASP2 optical layout (middle), and specifications
for CLASP2 (bottom).
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Figure 7. Our estimation of reflectivities of a multilayer-
polarization-analyzer sample as a function of incident angle:
Rs and Rp for s- and p-polarized lights, respectively.

is so stable that the measurement error of the degree of polarization (i.e., scale error) caused by the rotation
non-uniformity is sufficiently small (<0.01%, Ref. 20).

Reflective Polarization Analyzers In the CLASP1 spectropolarimeter, we have employed the polarization
analyzer with multi-layer coating based on Ref. 21, which provides us with both high polarization efficiency and
high reflectivity at the Lyman-α line. Thus, for the CLASP2, we will use similar polarization analyzers optimized
for Mg ii h & k lines. This design achieves maximum polarizing efficiency at an incident angle of 68◦, which
angle is same as that for CLASP1 (Figure 7). The two analyzers are placed at this angle and mounted 90 degrees
from each other (with respect to the optical axis) to measure two orthogonal polarizations simultaneously; one is
parallel to the ruling direction of the grating, and the other is perpendicular to it. A prototype will be fabricated
and tested to optimize the flight coating performance.

3.1.4 Spectrograph

The spectrograph is an inverse Wadsworth configuration using a spherical constant-line-space grating [?, Fig-
ure 5,]]2015ApOpt..54.2080N with a minimum modification from the CLASP1 spectrograph. The grating dis-
perses the incident beam into the ±1st order collimated beams symmetrically. Each beam is focused on a CCD
camera with an off-axis parabolic camera mirror (Figure 8).

A new grating will be fabricated for CLASP2, with the same radius of curvature, but with a ruling density of
1303 linesmm−1. By choosing these parameters, dispersed beams are fed into the off-axis parabolic mirrors as is
the case for CLASP1, and we reuse the structure and remaining optical components (i.e., slit, off-axis parabola
mirrors and CCDs).

3.1.5 Slitjaw System

The slitjaw system will remain unchanged from the first flight: a Lyman-α imaging system will confirm targeting
during flight, facilitate the interpretation of the data obtained by the spectropolarimeter, and obtain context
images to be used for co-alignment with other observations. Since IRIS can obtain 2D images with higher spatial
and temporal resolutions in the Mg ii wavelength range, a Mg ii imaging system is not necessary in CLASP2.
By keeping the Lyman-α passband in slitjaw system and combining with the IRIS slitjaw observations, we can
simultaneously explore the two atmospheric layers in upper chromosphere. Specifications are shown in Figure 5.
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Figure 8. Spot diagrams obtained with the CLASP2 spectrograph in channel 1. The horizontal and vertical panels show
the variation in field along the slit and wavelength, respectively. The values above each panel show the spot RMS radii.
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3.1.6 Spectrograph Detectors

CLASP2 will reuse the existing CLASP1 cameras, developed by MSFC specifically for CLASP1. The cameras
use back-thinned e2v CCD57-10 frame-transfer CCDs with Lumogen-E coating for UV sensitivity.

The spectrograph cameras operate in externally triggered frame-transfer mode, synchronized by the trigger
signal from the waveplate controller. The trigger signal causes each camera to transfer the image to the storage
region and start readout; this also starts the next exposure. The images are read out through 2 readout taps at
500 kilopixels per second per port. In CLASP1, the requirement was 512× 256 region-of-interest (ROI) readout
at 300ms cadence. We exceeded this requirement, and will read out 512 × 384 pixels at this cadence. For
CLASP2, the cameras will be operated at 512 × 128 ROI at 100ms cadence. SpaceWire interface is used for
control and data transfer.

Each camera incorporates an LN2 cooled cold block and a CCD heater. The cold block is cooled by LN2
until the moment of launch, and serves as a thermal reservoir during flight. Each camera cold block is fed
through a separate LN2 feedthrough, and the LN2 flow rate is independently and automatically controlled. The
CCD heater is controlled by a PID temperature controller which operates throughout flight; it has successfully
demonstrated the ability to maintain every CCD at −20 ± 0.1 C for the duration of the flight, and through
extended laboratory calibration tests.

For CLASP1, the readout noise requirement for the camera was 25 e- rms, based on allocation within the total
error budget for polarization measurement. We greatly surpassed this requirement, and all CLASP1 cameras
demonstrated readout noise levels below 6 e- rms.

3.2 Polarization Measurement

3.2.1 Modulation

The observing mode consists of rotating the waveplate at a constant rate and acquiring 16 exposures per waveplate
rotation. The waveplate controller electronics creates trigger pulses for the spectropolarimeter cameras with its
master clock, insuring synchronization between waveplate rotation and exposure. Based on our estimation of
the shortest exposure time to readout out 512(spatial) × 128(spectral) pixels covering the required wavelength
window, the exposure time will be 0.1 sec, resulting in a waveplate rotation period of 1.6 sec.

The observed signal in each spectropolarimeter channel, as a function of time, are:

t = t1 t2 t3
ϕ = 0.0◦–22.5◦ 22.5◦–45.0◦ 45.0◦–67.5◦

D1 = K1[I − (a0 + a)Q − aU + b1V ] K1[I − (a0 − a)Q − aU + b2V ] K1[I − (a0 − a)Q + aU + b2V ]
D2 = K2[I + (a0 + a)Q + aU − b1V ] K2[I + (a0 − a)Q + aU − b2V ] K2[I + (a0 − a)Q − aU − b2V ]



Radiometry for quiet Sun

279.4 279.6 279.8 280.0 280.2
wavelength [nm]

0
5.0×106
1.0×107
1.5×107
2.0×107
2.5×107
3.0×107

ra
d

io
m

et
ry

 [
p

h
o

to
n

s/
p

ix
el

]

Figure 9. Predicted CLASP2 spectrum of the quiet Sun based on Mg ii h & k spectra reported by.23 The vertical axis
is photons per detector pixel for total observing time of 231 sec (1.1 arcsec spatially and 0.011 nm in wavelength).

t4 t5 t6
67.5◦–90.0◦ 90.0◦–112.5◦ 112.5◦–135.0◦

K1[I − (a0 + a)Q + aU + b1V ] K1[I − (a0 + a)Q − aU − b1V ] K1[I − (a0 + a)Q − aU − b2V ]
K2[I + (a0 + a)Q − aU − b1V ] K2[I + (a0 + a)Q + aU + b1V ] K2[I + (a0 + a)Q + aU + b2V ]

t7 t8 t9 · · ·
135.0◦–157.5◦ 157.5◦–180.0◦ 180.0◦–202.5◦ · · ·

K1[I − (a0 − a)Q + aU − b2V ] K1[I − (a0 + a)Q + aU − b1V ] K1[I − (a0 + a)Q − aU + b1V ] · · ·
K2[I + (a0 − a)Q − aU + b2V ] K2[I + (a0 + a)Q − aU + b1V ] K2[I + (a0 + a)Q + aU − b1V ] · · ·

where K1 and K2 are throughput values of channels 1 and 2, D1 and D2 are the observed data values in these
two channels, and ϕ is the rotation angle of the waveplate. Here we define the parallel to the slit as the positive
reference direction for Stokes +Q. The modulation coefficients (a0 = 0.20, a = 0.51, b1 = 0.30, and b2 = 0.72)
represent the reduction in modulation that results from the continuous motion of the waveplate with the phase
retardation of 127◦. However, the improved S/N ratio that results from the continuous rotation and continuous
exposure makes up for the reduced modulation, and achieves a higher polarizer sensitivity overall.

3.2.2 Demodulation

All the raw data are returned without onboard processing, and demodulation will be done on the ground using
all flight data. First, we derive fractional polarizations (Q/I, U/I and V/I) using only the data from a single
channel. For example, Q/I, U/I, and V/I are calculated from channel 1 data as:

Q

I
= a−1 × (−D1,t1 +D1,t2 +D1,t3 −D1,t4 −D1,t5 +D1,t6 +D1,t7 −D1,t8) + · · ·

(D1,t1 +D1,t2 +D1,t3 +D1,t4 +D1,t5 +D1,t6 +D1,t7 +D1,t8) + · · ·
, (1)

U

I
= a−1 × (−D1,t2 +D1,t3 +D1,t4 −D1,t5 −D1,t6 +D1,t7 +D1,t8 −D1,t9) + · · ·

(D1,t2 +D1,t3 +D1,t4 +D1,t5 +D1,t6 +D1,t7 +D1,t8 +D1,t9) + · · ·
, (2)

V

I
=

(
b1 + b2

2

)−1

× (D1,t1 +D1,t2 +D1,t3 +D1,t4 −D1,t5 −D1,t6 −D1,t7 −D1,t8) + · · ·
(D1,t1 +D1,t2 +D1,t3 +D1,t4 +D1,t5 +D1,t6 +D1,t7 +D1,t8) + · · ·

, (3)

with Q ≪ I. Every successive set of 16 images of the data, corresponding to one rotation of the waveplate, will
cancel out non-uniformities in the waveplate and fringe patterns caused by the waveplate. The Stokes signals
from one channel will be verified by comparing to those from the other channel, and both signals will be summed
to obtain the final Stokes profiles. This cancels possible polarization errors in the single-channel demodulation
caused by time variation of source intensity and time variation of instrument pointing since two channels take
orthogonal pairs of polarization simultaneously.13,22 The alignment between two channels and the calibration of
the throughput ratio between two channels will be performed using the flight data, essentially by summing all
data in each channel.

3.3 Radiometry and Polarization Sensitivity

Prior to the first flight, we have investigated possible causes and expected magnitudes of polarization errors as
shown in Table 3 of Ref. 24. The items to cause the spurious polarization remain the same and the magnitude
of each error for CLASP2 will be similar to that for CLASP1. Referring to this table, by performing the dual-
channel demodulation (see Section 3.2.2), the photon noise is the most important factor limiting the polarization
sensitivity. Thus, predicting and verifying the polarization sensitivity requires accurate estimates of instrument



Table 2. Estimated CLASP2 throughput at MgII h&k.

component material and thickness (t) Channel 1 Channel 2

primary mirror with cold mirror coating > 90 %(1) [R]
secondary mirror with Al+MgF2 coating 90 %(2) [R]
waveplate MgF2, t = 1mm 95 %(3) [T]

grating with Al+MgF2 coating 29 %(4) [R]

camera mirror with Al+MgF2 coating 90 %(2) [R]
polarization analyzer with multilayer coating (AOI = 68◦) 75 %(5) [Rs]
back-illuminated CCD with Lumogen-E coating 30 %(6) [Q]

throughput 4.5 %

(1): Catalog value provided by Acton Optics & Coatings. (2): Our measured values at the UVSOR synchrotron
facility. (3): Estimated value using optical index of MgF2 at 280 nm. (4): Assuming the reflectivity of CLASP
flight grating at Lyman-α line measured by the supplier (HORIBA Jobin Yvon). (5): Simulated value for
multi-layer coating (Figure 7). (6): Based on the catalog value provided by Acton Optics & Coatings and our
measurement. [R]: Reflectivity. [Rs]: [T]: Transmissivity. [Q]: Quantum efficiency.

throughput. We have been measuring the throughput for some of the components at UVSOR, and provide
conservative estimates for those not tested in our facility (Table 2). The estimated values will be replaced by the
measured value. We will also measure the reflectivity for the witness samples of flight coating at several times
to monitor the aging, and keep this throughput table updated. Through the measurements for the throughput
control for the first flight (CLASP), testing procedures are already established.

Based on the radiometry estimation, it is found that the number of photons collected for the shortest achiev-
able exposure time of 0.1 sec is much larger than the peak charge storage of our CCDs. Therefore, we will place
a Neutral Density (ND) filter with the transmissivity of 5% in order to maintain the linearity even with the
observation of a plage region. The location is to be determined but we will choose the place where we can easily
access as the transmissivity of the ND filter can be determined after throughputs of all optical components are
actually measured. Figure 9 shows the predicted detectable flux over the observing time of 231 sec in the quiet
Sun. The photon noises∗ of ≲0.05% around the Mg ii h and k cores (gray regions in Figure 9), are achievable
without spatial summation, and our requirement of polarization sensitivity can be met at ∼ 2σ level.

The level of visible light contamination was measured with the CLASP flight instrument using a heliostat
at the NAOJ clean room. With this measurement, the predominant visible contamination path was identified
and the contamination was suppressed to ≲100 photons/pixel/sec with the careful design of light traps and
baffles. For the second flight, we will use the same structures and the contamination will be less than 0.1% of
the expected Mg ii peak signal.

4. SUMMARY

The measurement of the magnetic field vector in the solar outer atmosphere (chromosphere, transition region
and corona) is a very important challenge in heliophysics. The most promising diagnostic tool for mapping
the magnetic fields of the solar chromosphere and above is spectropolarimetry in UV lines, which requires the
deployment of a UV polarimeter in space. CLASP, which will fly in September 2015, will measure the linear
polarization signals in the Lyman-α line and will provide the first quantitative exploration of the magnetic
field in the solar upper chromosphere and transition region via the Hanle effect. The proposed Chromospheric
LAyer Spectro-Polarimeter (CLASP2) is the natural next step. CLASP2 will measure the linear and circular
polarization signals in the Mg ii h and k lines in order to study the magnetic field vector in the upper solar

∗The photon noise is estimated from 1/a/
√
N , where N is the total number of photons to be collected and a the

modulation coefficient. See Ref. 24 for more detail.



chromosphere by combing the Hanle and Zeeman effects. Moreover, these measurements coordinated with those
of IRIS, will lead to significant quantitative insight on the enigmatic solar chromosphere, such as refining the
theoretical models of chromospheric jets and the dissipation mechanism of magnetic energy in the chromosphere
and corona. CLASP2 will target a high priority science question recommended by the Heliophysics Roadmap,
“What is the magnetic structure of the Sun-heliosphere system?”, by measuring the magnetic field in a crucial
boundary layer, the upper solar chromosphere.

Exploring the magnetism of the upper chromosphere through spectropolarimetric measurements of the Zee-
man and Hanle effects in UV spectral lines is an important future direction for solar physics. CLASP2 will
serve as a pathfinder for future solar missions. The CLASP2 program is also training the next generation of
instrument builders by involving young scientists in optical design and testing from the beginning to the end of
the program.
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